Introduction 1 2
Reverse osmosis (RO) membrane filtration is frequently utilised in 3 water purification and recycling for domestic, industrial and 4 agricultural purposes [1, 2] . Membranes designed for molecular 5 separations in water usually comprise a "tight" separating layer of 6 polyamide (PA) on a more open support layer of polysulfone (PSf).
7
The PA and PSf layers are mounted on a woven fabric backing of 8 polyethylene (PE) or polypropylene (PP) [3, 4] . The topmost PA layer 9 is thought to play the active role in the filtration process as a 10 molecular sieve and an ion barrier [5] . Improved knowledge of the 11 structure and chemistry of the PA layer is required to design 12 membranes, which achieve higher performance in water desalination 13 and purification [6] . Characterisation of the PA layer is particularly 14 challenging due to its complex and interconnected ridge-valley 15 structure, thinness of the active film, the sub-nanometre size of 16 structures within the film, and beam sensitivity intrinsic to polymer 17 materials in electron and ion beam microscopes.
18
The organisation of the PA layer at the meso-scale is often assessed 19 by cross-sectional transmission electron microscopy (TEM) [7, 8] , 20 isometric or top-down scanning electron microscopy (SEM) imaging
21
[3, [9] [10] [11] supported by topological information acquired via atomic 22 force microscopy (AFM) [5, 9, 11, 12] . The overall thickness of the PA 23 layer ranges from 20 to 400 nm [12] . PA morphology is typically 24 estimated by the maximum ridge-to-valley distance, average 25 roughness and apparent surface area [5, 13] . It is commonly accepted 26 that water permeability increases with the apparent surface area of the 27 PA layer [1] . 28 The inner structures of the PA layer are usually characterised using 29 electron microscopy (EM) imaging of membrane cross-sections [5] .
30
The PA layer might be divided in two regions: a relatively flat and 31 semi-porous base at the PA-PSf interface and a more open structure of 32 protuberances spreading from the base, giving rise to the well-known 1 ridge-valley structure [14] . Recently, it has been suggested that the 2 PA layer is formed of a continuous sub-10 nm, highly crumpled PA 3 nano-film [15] . The crumpling of the thin nano-film results in the The molecular-scale mechanisms of particle/ion filtration are not fully conditions. Longer staining times (5 and 10 min) were also tested for 12 methods II-IV.
13
To prepare samples for EM, the stained samples were washed 3 times (non-stained) samples were embedded using the same protocol. 
Focused ion beam SEM (FIB-SEM)

28
For FIB-SEM milling, a flat surface of the resin embedded sample 29 stained, using method I, was exposed using a PowerTome 
12
SEM imaging was performed at 1.49 kV with an energy selective 13 backscattered electron detector. In these conditions, the size of SEM 14 probe is ~2nm. Pixel averaging collection was used to reduce noise.
15
In total, 357 images of membrane cross-sections were acquired, with 
Atomic force microscopy (AFM)
20
For comparison with the surface structure generated from FIB-SEM,
21
AFM imaging was used. precipitates were calculated using ImageJ (SI Figure 6) . The Staining experiments were used to reveal the inner structures of the 10 PA layer, seeking to resolve possible permeation pathways, and thus, 11 transport mechanisms through the PA nano-film.
12
In Figure 4 , the effects of vapour staining on a dry membrane (method previous studies [9,37- Figure 1C with Figure 4A and Figure 5A Figure 4D , Figure 7B , Figure 5B ). In the aqueous environment, the 8 PA film swells and enables further stain propagation within the Figure 5D ). Regions, in which 1 "channels" are visible, might have been formed from a highly 2 crumpled single nano-film as suggested by Karan et al. [15] . In Figure   3 9, a schematic of features observed in the PA layer is shown. correlates with increased permeability in membranes [37] . The Figure   16 10.
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